Abstract.-Deserts are not usually considered biodiversity hotspots, but desert microbiotic crust communities exhibit a rich diversity of both eukaryotic and prokaryotic life forms. Like many communities dominated by microscopic organisms, they defy characterization by traditional species-counting approaches to assessing biodiversity. Here we use exclusive molecular phylodiversity (E) to quantify the amount of evolutionary divergence unique to desert-dwelling green algae (Chlorophyta) in microbiotic crust communities. Given a phylogenetic tree with branch lengths expressed in units of expected substitutions per site, E is the total length of all tree segments representing exclusively desert lineages. Using MCMC to integrate over tree topologies and branch lengths provides 95% Bayesian credible intervals for phylodiversity measures. We found substantial exclusive molecular phylodiversity based on 18S rDNA data, showing that desert lineages are distantly related to their nearest aquatic relatives. Our results challenge conventional wisdom, which holds that there was a single origin of terrestrial green plants and that green algae are merely incidental visitors rather than indigenous components of desert communities. We identify examples of lineage diversification within deserts and at least 12 separate transitions from aquatic to terrestrial life apart from the most celebrated transition leading to the embryophyte land plants. [Bayesian phylogenetics; biodiversity; exclusive molecular phylodiversity; microbiotic crusts.]
Microbiotic crust communities occur worldwide in arid habitats and include diverse photosynthetic and nonphotosynthetic organisms such as cyanobacteria, lichens, green algae, diatoms, bryophytes, fungi, and microarthropods. These surface-dwelling organisms often experience great extremes in environmental conditions such as moisture and temperature. In the Mojave Desert of North America, for example, summer soil temperatures can exceed 90
• C, and rainfall can be under 45 mm per year (Rosentreter and Belnap, 2001) , whereas crust organisms in Antarctica can experience summer temperatures that are below freezing (Broady, 1993) . Crust communities are now considered important to nutrient cycling in deserts and are also known to play a key role in soil stabilization (Evans and Johansen, 1999; Schlesinger et al., 1996; West, 1990) . A growing interest in understanding the ecological role of crusts has resulted in a need for more intensive characterization of the organisms of these communities.
It was thought until recently that the biodiversity of green algae (Chlorophyta) in desert crust communities was represented by a small number of species. This perception emerged because the vegetative stages of soil algae are morphologically simple, and the earliest studies on crust algae were based on light microscopy of these stages alone (Cameron, 1960 (Cameron, , 1964 Metting, 1981; Shields and Drouet, 1962) . Recent studies that incorporate data from additional life history stages, such as zoospores and gametes, demonstrate greater numbers of different green algae from desert soils (e.g., Flechtner et al., 1998) . The true taxonomic affiliations of microscopic desert green algae are only now being established with the aid of nucleotide data, particularly 18S data (Lewis and Flechtner, 2002, 2004) . Many of the familiar genera of unicellular green algae that occur in deserts, such as Chlorella, Chlamydomonas, and Chlorococcum, were shown to be polyphyletic using 18S rDNA data, and these results were congruent with ultrastructural data obtained from alternate life history stages (Buchheim et al., 1996; Friedl, 1995; Friedl and Zeltner, 1994; Huss and Sogin, 1990; Lewis et al., 1992; Watanabe and Floyd, 1989) . These results highlight the extent to which morphological convergence of the vegetative morphology obscures genetic diversity and illustrate the ability of 18S data to uncover broad scale phylogenetic relationships within the green algae.
Quantifying the biodiversity of microscopic taxa can be problematic because most groups of microscopic organisms are poorly studied, and traditional biodiversity measures often rely on the assignment of taxa to known species (Hughes et al., 2001) . Phylogenetic diversity (or phylodiversity) provides a surrogate measure that more accurately portrays the underlying genetic diversity of organisms, and is standardized across the variety of life histories, reproductive strategies, and morphological variability that create problems with traditional species-counting measures. The concept of phylodiversity (PD) was proposed as a conservation biology tool in order to quantify the phylogenetic heritage captured by the organisms in a particular geographic area (Faith, 1992) . The original measure was based primarily on parsimony analysis of morphological data, but one example in Faith's original paper involved mitochondrial DNA, and this measure has been recently adapted for use with model-based phylogenetic methods (Shaw et al., 2003) .
These quantitative measures of phylodiversity are based on the path length of the subtree connecting contemporary organisms of interest. This original definition of PD is appropriate for answering questions involving the phylogenetic heritage of a geographic area of conservation interest. Recent theoretical work has bolstered this application of PD (Steel, 2005) by showing that it is straightforward to find subset(s) of taxa maximizing PD. PD is also useful for comparing divergence among monophyletic groups (Shaw et al., 2003) . It fails, however, to adequately address questions involving the importance of groups that are neither monophyletic nor geographically circumscribed.
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LEWIS AND LEWIS-PHYLODIVERSITY OF DESERT SOIL GREEN ALGAE 937 FIGURE 1. Measures of phylogenetic diversity for a subset of taxa S. (a) Exclusive phylodiversity (E) is the sum of only those branch lengths that subtend taxa in S, or clades solely composed of taxa in S; (b) traditional phylogenetic diversity (I ) is calculated as the sum of branch lengths in the path connecting all of the taxa in S; (c) total tree length, T; (d) the inclusive phylodiversity (I ) calculated for S , the complement of S. Note that E equals T minus I ', where I is I calculated for S .
We introduce exclusive molecular phylodiversity (E; Fig. 1a ) to be the sum of all branch lengths in a tree that support either individual taxa or clades composed exclusively of taxa in some group of interest. Inclusive molecular phylodiversity (I ; Fig. 1b ) is identical to a molecular version of Faith's (1992) PD where path lengths are measured as expected number of substitutions per site. The total tree length (T; Fig. 1c ) provides an upper bound for both E and I . If the set of taxa representing the group of interest is S, and S is the complement of S (i.e., the set of all taxa in the study but not in the group of interest), then E may be unambiguously defined as T minus I , where I (Fig. 1d ) equals I computed for S .
If the focal group is monophyletic, E is greater than I by an amount equal to the length of the branch subtending the group, but E can be much smaller than I when the group is highly polyphyletic. E is a more appropriate measure than I if the only evolutionary diversity of interest is that uniquely accrued by organisms occupying a particular habitat, and not the diversity accrued by their ancestors occupying other habitats. In this case, E measures the amount of evolutionary divergence that can be unambiguously attributed to organisms living in the focal habitat. Stochastic character mapping (Nielsen, 2002; Huelsenbeck et al., 2003) provides an alternative means of defining exclusive phylodiversity. This Bayesian definition measures exclusive phylodiversity as the posterior mean number of substitutions per site accumulated while in the focal habitat. We denote the definition based on stochastic character mapping E S to distinguish it from E.
Phylodiversity is not the only way to assess biodiversity in situations where species counting is not feasible. Faith (2004) introduced a uniqueness measure intended for use in making conservation decisions about individual taxa. Martin (2002) introduced two measures for addressing the diversity and differentiation of two communities that, like our phylodiversity measures, do not depend on identifying species. Martin's F ST measure can be used to compare community diversity to the total 938 SYSTEMATIC BIOLOGY VOL. 54 diversity overall, and his P-test measures the degree of differentiation between two communities. The phylodiversity measures introduced here are not intended for comparing two communities, but they nevertheless are correlated with Martin's measures.
In this paper, we compare our phylodiversity measures with those of Martin (2002) and to the uniqueness measure introduced by Faith (2004) . In addition, we present new 18S rDNA sequence data obtained from desert green algae and utilize Bayesian phylogenetic analyses to address basic questions about green algae living in desert soils. Did the transition from aquatic to terrestrial habitats occur just once, or have green algae adapted to desert life numerous times independently? Are the green algae in deserts simply representatives of widespread ecological generalists, or have they diversified in arid habitats and form desert clades? What fraction of the total diversity of all green algae do these desert lineages represent?
MATERIALS AND METHODS

Sample Collection
Desert green algae were collected from distinct geographic locations in western North America, ranging from Baja California, Mexico, into California, New Mexico, and Utah, USA (Appendix 1). Algae were isolated from the soils using a dilution plating method, as described in Flechtner et al. (1998) . Nucleotide sequence data of the small subunit ribosomal RNA gene (18S) of nine isolates of desert green algae were obtained using direct sequencing of PCR amplifications. Briefly, this included DNA extraction from unialgal isolates (cultures grown from a single cell) using a modified CTAB extraction method, followed by PCR amplification and sequencing using the primers SSU1, SSU2, N18G, N18H, C18G, C18H, and C18J (Lewis and Flechtner, 2002; Shoup and Lewis, 2003) . Base calls in the consensus sequences were verified from individual sequencing reactions in both the forward and reverse orientations, or from duplicate sequencing reactions in the same orientation. Over 98% of base calls had at least twofold coverage. To confirm the absence of contaminant sequences, each newly obtained consensus sequence was subjected to a BLAST search (Altschul et al., 1990) . The 18S sequence data for each isolate were deposited in the GenBank database (Table 1) .
Phylogenetic Analysis of Green Algae
The newly obtained desert algae sequences were combined with previously published sequences from 14 other desert green algae, and from a broad representation of all orders of green plants for which 18S sequences have been published in GenBank, with the exception that embryophytes are represented only by the Marchantia polymorpha sequence. To ensure a conservative estimate of exclusive phylodiversity measures, the closest matching full 18S rDNA sequence for each desert isolate, as found from BLAST (Altshul et al., 1990 ) searches, was also included. The sequences and their corresponding taxa and GenBank accession numbers are listed in Table 1 . A final alignment of 150 taxa (23 desert taxa and 127 others from freshwater, marine, and soil habitats) was constructed initially in smaller subsets of taxa using ClustalW (Thompson et al., 1994) and then refined by eye. The 150-taxon alignment was 1839 nucleotides in length. Of 1839 sites, 188 were eliminated because of alignment uncertainty, leaving 1651 aligned sites of which 441 were parsimony informative and an additional 227 were variable but not informative. The alignment, MrBayes file, and resulting trees associated with this analysis are available as supplementary material at http://systematicbiology.org/.
Bayesian Phylogenetic Analyses
ModelTest 3.06 (Posada and Crandall, 1998) used in conjunction with PAUP 4b10 (Swofford, 2001) determined that the GTR+I+G model (Lanave et al., 1994; Gu et al., 1995) provided the best fit to the data according to both the likelihood-ratio test and the AIC criterion. Two independent runs were performed using the GTR+I+G (four-rate categories) model in MrBayes 3.0b4 (Huelsenbeck and Ronquist, 2001) . Each run was started from an independent random starting tree and extended 25 million generations. Each run employed Metropoliscoupled MCMC (Geyer, 1991) using three heated chains (temperature parameter 0.2) in addition to the sampled (cold) chain. We used a flat Dirichlet prior for relative nucleotide frequencies and relative rate parameters, a discrete uniform prior for topologies, and an exponential distribution (mean 1.0) for the gamma-shape parameter and all branch lengths. We used MrBayes to construct a majority-rule consensus tree of 20,000 trees sampled 940 SYSTEMATIC BIOLOGY VOL. 54 from the last 10 million generations of each of the two runs (trees were sampled every 1000 generations). Convergence was assessed by comparing splits included in majority-rule consensus trees of each run separately. For continuous model parameters, we used Gelman and Rubin's estimated potential scale reduction approach (Gelman, 1996; Gelman and Rubin, 1992a, 1992b) , which uses variation within and among independent MCMC runs to assess the degree to which the separate chains have converged.
Phylodiversity Measures
We calculated several measures related to Faith's original phylogenetic diversity statistic (Faith, 1992) . The basic quantities calculated from phylogenetic trees were T (total tree length), E (exclusive phylodiversity), and I (inclusive or total phylodiversity, which is identical to Faith's original measure). E includes terminal branches associated with desert taxa and shared ancestral edges subtending clades of desert taxa. We also estimated E S using the program SIMMAP 1.0b1 (Bollback, 2004) . E S is perhaps a more natural measure of exclusive phylodiversity given the Bayesian approach taken here, but we based most of our discussion on E because it is equally applicable in both Bayesian and frequentist (i.e., maximum likelihood) contexts.
Three combinations of these basic measures are useful and were also computed. First, P EI = E/I is related to the number of independent evolutionary transitions into the focal environment, which is "desert" in this study. P EI is 0 if each sample represents an independent transition to the desert environment and no detectable evolution has occurred following the transition. At the other extreme, P EI is at least 1 if only one transition to deserts is indicated by the phylogeny. Intermediate values of P EI indicate that more than 1 transition occurred and at least some substitutions have accrued after at least some of the desert lineages were established.
The quantity P ET = E/T describes the proportion of the total evolutionary history that apparently occurred in the desert environment. P ET is important in this study for distinguishing between two hypotheses: (1) desert algae are simply transient algal spores carried on the wind and dropped onto deserts; and (2) desert algae are representatives of true desert-endemic lineages of green algae. If the first hypothesis is true, P ET is expected to be zero because the desert isolates would in this case be common widespread taxa most likely already represented in GenBank. Presumably, our practice of including the nearest sequence in GenBank (using BLAST scores) for each of the desert isolates would result in zero-length branches leading to that taxon, and each desert isolate is expected to be an independent transition to land. P ET is expected to be greater than zero under the alternative hypothesis because desert taxa will have had time to accumulate lineage-specific substitutions. The value of P ET thus bears direct witness to the importance of desert green algae for understanding the evolution of green algae in general. P ET = 1 would indicate that all knowledge of green algae comes from desert-dwelling green algae, whereas P ET = 0 would mean that desert green algae essentially contribute nothing to our knowledge of green algal evolution (i.e., desert taxa represent minor tip branches on the tree). Of lesser interest in this study is P IT = I /T, which measures the proportion of the total tree length accounted for by the inclusive phylodiversity. This measure is of use primarily in comparing our phylodiversity measures to the biodiversity measures of Martin (2002) .
Finally, we were interested in how much evolution occurred on desert versus nondesert terminal branches. Terminal branches were of particular interest because species limits are often arbitrarily determined by the amount of evolutionary divergence separating contemporary organisms from their nearest relatives. Although our phylodiversity measures do not depend on any species definition, we were interested in whether, on average, desert green algae would be considered separate species. The average and median terminal branch lengths were recorded for both desert and nondesert taxa as a way of assessing this, and discussed in light of divergence values already observed for different species of desert green algae (Lewis and Flechtner, 2004) .
RESULTS AND DISCUSSION
Convergence in model likelihood was apparent in the two independent MCMC runs by 15 million generations. The majority-rule trees constructed from the last 10 million generations of the two runs differed primarily in the position of Koliella, which occupied either a position within the Trebouxiophyceae clade (Fig. 2) or a position outside of the branch leading to Trebouxiophyceae, Chlorophyceae, and Ulvophyceae. The phylogenetic position of Koliella has been previously investigated (Katana et al., 2001 ) and was shown to be a member of the Trebouxiophyceae. The trees were otherwise similar, disagreeing only about the inclusion of three splits, each with posterior probabilities less than 0.8. Gelman and Rubin's scale reduction parameter R was less than 1.14 for the tree length and all continuous GTR model parameters (Table 2) . To put this value in perspective, a value of R = 1 is ideal, indicating that the parallel Markov chains are completely exchangeable, and a value much larger than 1 is unacceptable, indicating that credible intervals might be much larger than for a comparable situation in 942 SYSTEMATIC BIOLOGY VOL. 54 TABLE 2. Estimates of GTR+I+G model parameters. The sample size for the posterior mean (Mean), 95% credible interval (2.5%, 97.5%) and Gelman-Rubin measure (R) is 20,000, comprising 10,000 samples taken during the last 10 million generations from each of two MCMC simulations. The MLE column resulted from maximizing the likelihood on the MCMC consensus tree. Parameters: T is the total tree length; r CT , r CG , r AT , r AG , and r AC are relative rate parameters of the GTR model (MrBayes fixes r GT = 1); π A , π C , π G , and π T are the relative nucleotide frequency parameters; α is the shape parameter of the gamma (α, 1/α) distribution of relative rates across sites; and pinvar is the proportion of invariable sites. Gelman (1996) . Hereafter, all discussion of the tree and phylodiversity measures are based on a combined sample comprising the last 10 million generations of each of the two independent MCMC runs. Although we did not perform a maximum likelihood search, we did obtain maximum likelihood estimates of the GTR model parameters on the majority rule consensus tree resulting from the MCMC analysis using PAUP * 4.0b10 (Swofford, 2001) (Table 2 ). The maximum likelihood estimates for nearly all parameters are smaller than the corresponding posterior means. This presumably reflects the effects of the prior distributions assumed for these parameters. For example, the mean branch length based on the maximum likelihood estimate of tree length is 4.37/271 = 0.016, whereas the mean branch length based on the posterior distribution is about twice this (10.93/297 = 0.037). Although the effect of the prior was not strong, increasing each branch length on average only about 0.02 substitutions per site, it is clear that the exponential branch length prior (which had mean 1.0) is exerting an influence. Importantly for this study, the phylodiversity ratios P ET , P EI , and P IT appear much less sensitive to the effects of the prior distributions than tree length and other model parameters (discussed below).
The MCMC consensus tree of green algae (Fig. 2) illustrates that the transition from aquatic to desert habitats occurred numerous times independently in green algae, and from diverse phylogenetic backgrounds. Desert lineages have arisen in three of the five classes of green algae: Chlorophyceae, Trebouxiophyceae, and Charophyceae. All of these transitions arise from within clades of aquatic freshwater organisms; the predominantly marine classes Ulvophyceae and Prasinophyceae ap- 
, Trentepohlia).
Although the consensus tree in Figure 2 provides a point estimate of the number of transitions to land, credible intervals can be constructed using the trees sampled during the MCMC analysis. Using PAUP * 4.0b10 (Swofford, 2001 ) we performed parsimony-based ancestral state reconstructions under both ACCTRAN and DELTRAN optimization for all 20,000 sampled tree topologies to obtain posterior probabilities of each possible number of gains and losses of terrestriality (Table 3) . The combination with the highest posterior probability (0.3425) under ACCTRAN optimization (which favors reversals when there is homoplasy) was 14 gains, 4 losses; under DELTRAN (which favors parallelism when there is homoplasy), the most probable (0.4534) combination was 18 gains and no losses. There was no support under either optimization strategy for fewer than 12 transitions to terrestriality from aquatic lifestyles. We also used the SIMMAP 1.0b1 program (Bollback, 2004) to map this character using a two-state Markov model on all 20,000 trees sampled during the MCMC analysis. SIMMAP does not currently distinguish between forward (aquatic to terrestrial) and reverse changes, but the overall estimated number of transitions (17.6) was consistent with the most probable ACCTRAN and DELTRAN parsimony reconstructions.
Desert lineages are divergent enough at the 18S rDNA locus to be considered distinct species. The posterior mean of the average length of a terminal branch leading to a desert taxon is 0.0246 substitutions per nucleotide site (95% credible interval 0.0198-0.0294). Although we do not advocate using a certain rule for the amount of sequence divergence needed to define species, this value corresponds to nearly 5% pairwise divergence and is far greater than what has been observed between different species of desert green algae (e.g., Lewis and Flechtner, 2004) . The average length of a terminal branch leading to a nondesert taxon is 0.0507, roughly twice the length of an average branch leading to a desert taxon. This result is expected because of the inclusion of close relatives of desert taxa and broad taxon sampling across green algae otherwise. In three cases (e.g., one in the class Charophyceae and two in the Chlorophyceae), lineages without apparent aquatic close relatives are evident, implying that novel organisms are being recovered from these understudied communities. These new lineages are themselves tremendously diverse. For example, isolates EM1VF1 and SEV3VF14 exhibit 76 sequence differences, and LG2VF30 and BC9-8 have 50 nucleotide differences. This level of divergence within a clade of desert algae exceeds the divergence between monocot and eudicot angiosperms (comparison of rice and tomato 18S rRNA gene sequences in the same algal alignment, data not shown). In addition, there are examples of diversification within three of the desert lineages, one involving charophyte algae and two within the Chlorophyceae. Together, these results indicate that consideration of desert lineages may be essential for understanding the evolution of green algae (and even green plants), increasing taxon sampling in regions of the phylogeny not previously recognized as being poorly sampled. Table 4 provides posterior means and 95% credible intervals of the basic phylodiversity measures (E, I , and T) and their derivative measures (P ET , P EI , and P IT ) for the 150-taxon Bayesian MCMC analysis. Maximum likelihood estimates (MLEs) of these quantities were computed for comparison using PAUP * 4.0b10 (Swofford, 2001 ) using the majority-rule consensus tree from the Bayesian analysis (Fig. 2) . We note that the MLEs for E, I , and T are quite different than the posterior means for these quantities; however, phylodiversity measures based on ratios of these quantities (i.e., P ET , P EI , and P IT ) all fall within their respective 95% Bayesian credible intervals, suggesting that the assumed prior distributions have scaled branch lengths upward relative to the MLEs but had little effect on relative branch lengths. Hereafter, all discussion of phylodiversity measures will refer to the estimates based on the posterior distribution.
P ET revealed that 6.6% of all substitutions occurred in desert green algal lineages. Obviously, this measure depends on taxon sampling: adding more nondesert taxa would decrease the apparent contribution of the desert taxa. Were it possible to include representative sequences of all green algae, the actual value of P ET and other phylodiversity measures could be obtained. We are still far from adequate sampling with respect to green algae as a whole and desert lineages in particular. Although we included the closest nondesert sequence to each of the desert green algal isolates to intentionally introduce a conservative bias into phylodiversity estimates, it is possible that the true value is quite different than the 6.6% value obtained in this study. Nevertheless, these measures allow some extreme hypotheses to be ruled out.
The fact that P ET is greater than zero means that a nontrivial amount of evolution occurred in deserts, and is thus evidence against the idea that desert green algal isolates are simply ephemeral and incidental desert inhabitants. Even though P ET may change as our knowledge of both desert and nondesert green algae improves, it is unlikely that this conservative conclusion will be overturned by new data. The implication is that there are green algae endemic to deserts, and these represent an important part of a complex community that has been underappreciated, despite being right under our nose, so to speak.
The posterior mean of P EI was 0.4092, which indicates that less than one half of the inclusive phylodiversity can be attributed to substitutions accrued exclusively in desert lineages. The fact that P EI is much less than 1 means that desert green algal lineages have arisen numerous times, and in fact the tree shows that 14 transitions to desert environments from freshwater aquatic ancestors are required to explain the 23 desert isolates. Although P EI , like P ET , will change with increased taxon sampling of nondesert green algae and increased isolation of desert lineages, the conservative conclusion that can be drawn (and that will not change with the addition of future data) is that desert green algae represent many independent transitions to land from aquatic green algal ancestors. This is significant because heretofore only one transition to land has been widely recognized, namely the one leading to the embryophytes and including the green plants most familiar to us (e.g., mosses, ferns, conifers, flowering plants). For those seeking to understand the evolutionary, developmental, and physiological changes that necessarily underlie the transition from aquatic to terrestrial existence in green plants, it is clear that more than one lineage should be examined.
Choice of branch length prior distribution.-The Bayesian approach taken here necessitates specifying a prior distribution for branch lengths, and for this study we used an exponential distribution with mean 1.0. Because the choice of prior distribution affects branch lengths sampled during the MCMC analysis, and hence influences 944 SYSTEMATIC BIOLOGY VOL. 54 phylodiversity measures obtained from those samples, careful consideration of branch length prior distributions is important. MrBayes 3.0b4 allows only exponential or uniform prior distributions to be applied to branch lengths. The use of a truncated uniform distributioni.e., Uniform(0,T), where T is an arbitrarily large upper bound-has been shown to create serious artifacts (Felsenstein, 2004) ; for example, yielding credible intervals for a parameter that exclude the maximum likelihood estimate. We chose to use an exponential distribution with mean 1.0 rather than one with a smaller mean to increase the variance (and thus decrease the influence) of the prior distribution. This unfortunately makes the prior branch length mean larger than what many would consider typical for branch lengths because the standard deviation equals the mean in exponential distributions. Rather than the pure Bayesian approach taken here, it would be possible to use an empirical Bayes approach (basing the mean of the branch length prior on the maximum likelihood estimate of tree length), or an hierarchical model (e.g., letting the mean of the branch length prior be determined by an hyperprior distribution), as advocated by Suchard et al. (2001) . As the software for Bayesian phylogenetics evolves, more flexibility with respect to branch length prior distributions will be possible.
Caveats to the use of phylodiversity summary measures.-Any single statistic summarizing phylodiversity can be misleading, and thus these statistics should be viewed as tools but not complete descriptions of phylodiversity. For example, single isolates with unusually high rates of substitution represent outliers that could unduly influence measures of molecular phylodiversity. On the other hand, unusual levels of phylodiversity may point out interesting features, for example elevated levels of substitution associated with life in certain environments but not others. Phylodiversity measures should not be used in isolation, and there is a need for new measures designed to identify specific types of outliers; however, at the very least, simple graphical inspection of the tree with branch lengths drawn proportional to the expected number of substitutions (e.g., Fig. 2 ) allows identification of many potential problems.
Relationship to previous approaches to quantifying phylodiversity.-Previous approaches used phylodiversity measures to assess the conservation value of a particular area (Faith, 1992) or to compare biodiversity in competing environments (Hughes et al., 2001; Martin, 2002) . Our motivation for supplementing Faith's original PD measure arose from the need to address a type of question not previously addressed, namely the importance of a group of taxa defined on the basis of environment in the context of the containing clade of all green plants. Although our intention is to supplement rather than replace existing measures of phylodiversity, we feel that a comparison of existing measures to our quantities is appropriate.
Comparison to Faith's uniqueness measure.-The exclusive phylodiversity E is related to the uniqueness measure U discussed by Faith (1994) . Whereas U represents the probability of at least one substitution (per site) unique to the focal lineages, E measures the expected number of unique substitutions (per site) in these segments. Faith's (1994) U is related to T and E as follows:
U and E capture the uniqueness of the focal lineages in different ways, reflecting the different contexts in which they are deemed useful. Faith's motivation was to measure the unique genetic contribution of a candidate taxon for conservation, for purposes of comparison with other candidate taxa. The winning candidate taxon contributes relatively more unique substitutions than other candidates against a reference subtree comprising already-conserved taxa. In our case, the reference subtree would necessarily include all nondesert taxa included in the study. As the size of the nonfocal group grows, the uniqueness according to U decreases because substitutions must occur on focal lineages and not occur on other lineages in order to be counted by U. Thus, for questions like those addressed in this study, keeping E separate from T is important.
Comparison to Martin's measures.-The measures described here are correlated with the quantities proposed by Martin (2002) , and Figure 3 presents a comparison of our phylodiversity measures, P EI and P IT , to the F ST and P-test approaches of Martin (2002) . Figure 3 is essentially the same as Martin's (2002) figure 4 , the only difference being that we approximated the relative branch lengths because they were not provided in Martin's paper.
Unlike Martin (2002) , we calculated F ST assuming that distances between taxa are additive. That is, the length of the shortest path from one taxon to another through the tree exactly equals the pairwise distance. This additivity is unlikely in real data, but is justified for our (purely illustrative) purposes. Martin's P-test distinguishes the two cases on the left (Fig. 3a, c) , which are characterized by few transitions between environments, from the two on the right (Fig. 3b, d ), which are characterized by numerous transitions. Our measure P EI also distinguishes left from right, being high (1.00, 0.96) for the few-transitions cases and low (0.63, 0.29) for the cases involving numerous transitions.
Martin's F -test (test of the hypothesis F ST = 0) distinguishes top from bottom. F ST is high (0.50, 0.17) (i.e., significantly greater than 0) for the two cases on the top (Fig. 3a, b) , which are characterized by having at least one clade of closely related taxa that also share the same environment. F ST is low (0.08) or even negative (−0.08) (i.e., not significantly greater than 0) for the two cases on the bottom (Fig. 3c, d) , in which all pairs of taxa are nearly equally distantly related (Fig. 3c) or pairs that are relatively closely related include members from both environments (Fig. 3d) .
Our measure P IT is related to F ST . The highest values of F ST occur when there are only two clades each representing a different environment, and these clades are shallow (i.e., pairs of taxa within each clade are closely related). These are the same conditions under which P IT is small. On the other hand, F ST is lowest when all clades are heterogeneous, each being composed of taxa from different environments, so that paths between pairs of taxa from the same environment often pass through the root of the tree. Such situations are expected to yield large P IT values. In fact, the correlation between F ST and the quantity 1 − P IT is either 0.99 or 0.74, depending on whether the open squares or closed squares, respectively, are considered the focal environment.
Although P IT can distinguish one extreme (Fig. 3a ) from the other (Fig. 3d) , it does not do as well as F ST in distinguishing the top from the bottom two cases in Martin's figure 4. F ST also has the advantage of symmetry: the choice of focal environment matters when calculating P IT , but does not matter for F ST . We do not consider this a failing of our phylodiversity measures because they were not designed to compare biodiversity in two (or more) contrasting environments, but rather to compare the diversity in one focal environment to the total phylodiversity.
Bayesian credible intervals versus frequentist hypothesis tests.-Using a Bayesian approach, we were able to compute Bayesian credible intervals for phylodiversity measures. This approach explicitly accounts for the fact that the phylogeny is not known without error. The interpretation of these 95% credible intervals is straightforward: given the data, the model, and the assumed prior distributions for model parameters, the true value of each phylodiversity measure lies within its credible interval with probability 95%. There are dangers associated with this approach, however: using a model that fails to capture an important feature of molecular evolution can substantially change the size and location of the credible intervals, as can changes in the assumed prior distributions. However, the ability to account for uncertainty in the phylogeny is a powerful motivation for taking the Bayesian approach.
Martin (2002) takes a frequentist approach, testing particular null hypotheses about F ST or the number of changes in environment. The F -test is independent of phylogeny, as it depends only on pairwise comparisons, and thus there is no reason to account for phylogenetic uncertainty in this case, although it may be advisable to account for multiple substitutions in some way when calculating F ST . The P-test is explicitly phylogenetic, however. The null hypothesis in this case is that the number of transitions between environments is what would be expected if the underlying phylogeny were random. If the number of inferred transitions is small relative to this expectation, then the P-test is significant. It is sometimes not entirely clear what the null distribution represents in randomization tests (e.g., Swofford et al., 1996) . This is apparent from the ease with which a different but equally reasonable null distribution can be proposed. For instance, one could fix the topology of the tree and randomly shuffle the assignment of environments to the tip nodes. This randomization approach seems just as sensible as randomizing the underlying topology, but counterexamples in which the two ways of randomizing produce different null distributions are easy to find. For example, consider a six-taxon tree in which two closest neighbors are in one environment and the other four taxa belong to a different environment. The significance probability if topologies are randomized is 3/7 because 1 change can be inferred in 15 of the 105 possible topologies. The significance probability obtained when assignment of environment is shuffled is either 1/5 or 2/15 depending on the shape of the tree, but importantly, neither of these equals the 3/7 obtained when topologies are randomized. Maddison and Slatkin (1991: 1195) concluded in their review of null models for tests of this sort that ". . . there are several possible null models that can be used in evolutionary studies, and [that] they lead to 946 SYSTEMATIC BIOLOGY VOL. 54 somewhat different distributions of the number of character state changes." Later (p. 1196), they state "if the tree is known and considered a given in the evolution of the characters, then the appropriate null model is one that randomizes characters." Such problems with interpretation argue for a Bayesian approach because posterior probabilities provide a direct and unambiguous answer to the question posed. In this case, the question might be "What is the probability that the number of transitions between environments is X or fewer?" Simply noting the proportion of sampled trees from a Bayesian MCMC run in which the number of inferred transitions is X or fewer provides a direct answer to this question in the form of an approximated posterior probability.
CONCLUSIONS
Our results on green algae in deserts echo the surprising amount of eukaryotic diversity recently uncovered from such habitats as highly acidic rivers, anoxic mud, and deep sea vents (e.g., Zettler et al., 2002) . Together, these studies greatly expand our knowledge of the range of environments in which eukaryotes can exist. Phylogenetic analyses of eukaryotes from extreme environments and their nearest relatives allow exploration of the number and rapidity of transitions to the habitat of interest, and can provide insights into the physiological traits important in these transitions. Our results indicate that desert green algae are not simply close relatives of aquatic taxa, but instead represent levels of divergence that could be interpreted as new species, new genera, or even higher order taxa. The exclusive molecular phylodiversity measure and related measures together provide a useful way to directly characterize both the distribution and extent of variation for a given set of taxa.
